The locomotion of microorganisms in low Reynolds number regimes has inspired engineers to design and fabricate robotic systems at micro-and nanoscales. Here, we review the swimming at low Reynolds number and analyze the kinematic reversibility property and the scallop theorem theoretically and experimentally. First, we present dynamical models for the planar flagellar and helical flagellar swimming of microorganisms. Second, we study the realization of microrobotic systems based on the mentioned locomotion mechanisms at micro-and nano-scales using fabrication based on nano-technology. Finally, the locomotion mechanisms of the biologically-inspired microrobotic systems are experimentally investigated using electromagnetic and magnetic systems.
The Journey to Biologically-Inspired Microrobots
In seeking nutrient efficiently, microorganisms undergo different locomotion mechanisms. For example, peritrichously flagellated Escherichia coli swim by wrapping their flagella together in a helical bundle. The continuous rotation of this bundle enables locomotion and swimming back-and-forth. The Escherichia 5 coli tumble whenever its necessary to change the swimming direction. Other monotrichous bacteria cannot tumble with single flagellum. Therefore, they depend on rotational Brownian motion to change direction [8] . In his widely read lecture entitled Life at Low Reynolds Number [9] , Purcell explained the swimming strategies of microorganisms that are based on helical rotation without 10 symmetry and more than one degree of freedom. Two opposite examples are again the Escherichia coli and the scallop, the first rotate their flagellar bundle counterclockwise and the cells rotate clockwise. This mechanism is based on more than one degree of freedom, whereas the scallop opens and closes its shell periodically and possesses one degree of freedom. The propulsion with helical rotation is not the only mechanism for locomotion. During their journey towards the ovum, sperm cells undergo a wide variety of swimming patterns by a beating tail [10] . The sperm cell propagates planar or three-dimensional travelling wave (that breaks time-reversal symmetry) along the tail. This microorganism consists of a head and a flagellum that contains a mid-piece and an 20 actively beating tail. The travelling waves are generated by local bending moment along the flagellum. This motion does not impart momentum to the fluid due to the absence of inertia, and hence, in the pursuit of locomotion at microand nano-scales, researches have mimicked and adapted swimming strategies of microorganisms. 25 Dreyfus et al. have mimicked the locomotion mechanism of the sperm cells by colloidal magnetic particles that are connected together using DNA and attached to a red blood cell [1] . The external magnetic fields have allowed this biologically-inspired microrobot to be adjusted and driven using a flagellated swim (Fig. 1) . Bell et al. have also fabricated artificial bacterial flagella and 30 demonstrated the first locomotion mechanism based on the helical propulsion of the Escherichia coli [2] . The artificial bacterial flagella is propelled using external rotating magnetic fields. In the same year ( Fig. 1) Single bacterium Khalil et al. [18, 19] demonstrated a novel hybrid micro-bio-robot [4] . This microrobot is fabricated using polystyrene beads and driven by motile Serratia marcescens bacteria. The ria can be used as microrobots without coupling with another micro-or nanoobject [17, 20] . Magnetotactic bacteria develop magnetite nano-crystals inside their cells, and hence their magnetic dipole moment enables directional control using external magnetic field. In addition, a swarm of magnetotactic bacteria have been used to achieve non-trivial tasks such as manipulation of spherical 45 beads and microassembly of non-magnetic microobjects [21, 22] . We realize that in the pursuit of locomotion at low Reynolds number regime in micro-and nanoscales, scientists have either mimicked the designs of nature or used the microorganism itself to provide propulsion, as shown in Fig. 2 between micro-tubes and motile sperm cells (Fig. 2) . The disadvantage of this approach is its low coupling efficiency due to the dependence on random coupling between sperm cells and the magnetic micro-tubes [12, 23] . This coupling is necessary as the elements of the hybrid micro-bio-robots are not useful alone, unlike magnetotactic bacteria that possess all elements required for locomotion 60 and steering, i.e., flagellar propulsion and magnetic dipole moment. [24] . There design achieves locomotion by imparting momentum to the fluid. In this chapter, we study the microrobotic systems that cannot impart momentum to the fluid but rather utilize and adopt different strategies to navigate at low Reynolds number.
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The remainder of this chapter is organized as follows: Section 2 provides descriptions pertaining to locomotion at low Reynolds number through breaking time-reversal symmetry using planar and helical propulsion. A facile fabrication technique (based on electrospinning) to provide robotic sperms is presented in included in Section 4. Finally, Section 5 concludes and provides directions for future studies.
Locomotion at Low Reynolds Number
Dynamics of all fluids is governed by Navier-Stokes equations that consists of the following Newtons second law and the continuity equation [26] :
where u is the velocity vector of the fluid and p is the pressure. Further, ρ and µ are the density and the dynamic viscosity of the fluid, respectively, and b is a body force. Simplifications can be made to (1) using the concept of the Reynolds number which has been suggested by Gabriel Stokes (1851) and Osborne Reynolds (1883). The Reynolds number is the ratio of the inertial force and viscous force, and is approximated by
where L and U are length and velocity that depend on the flow. of Purcell which states that any reciprocal motion cannot generate net propulsion (or fluid transport) [9] . Therefore, a microorganism with a rigid flapping motion cannot generate any propulsive force for locomotion. 
Planar Flagellar Propulsion
Taylor [27] approximated the planar flagellar propulsion using a two-dimensional infinite wave Ψ(x, y, t) in a velocity fields, v = ux + vŷ. A propulsion speed (U ) develops for a travelling wave along the opposite direction. The elements of the velocity field are given by u = ∂Ψ ∂y (x, y, t) and v = − ∂Ψ ∂x (x, y, t). 
Pak et al. [26] have proven that the stream function formulation of the Stokes equations for planar flagellar propulsion is given by
It has been also shown that (when the wave amplitude is much smaller than the wavelength) solution of (5) with the boundary condition in Table II is approximated by
where ε = ak is the dimensionless wave amplitude. Further, a and k are the amplitude and wave number, respectively. The first-and second-order solutions (ψ 1 and ψ 2 ) are given by
Therefore, the swimming speed U is proportional to theory [30, 31] , Magnetohydrodynamics based on the Biot-Savart law for electromagnetic coils [32, 33] , and rigid-body kinematics based on transient Stokesflow approach with force-free swimming conditions [27, 34] . Each component utilizes resistive force coefficients based on resistive-force-theory [8, 35] to calculate the resultant hydrodynamic forces acting on the elastic tail and magnetic body of the swimmer. The equation of motion of the magnetic microrobot based on the force-free swimming condition [8] is given by
where V and Ω are the linear and angular rigid-body velocities of the microrobot, respectively. Further, F mag and F add are the magnetic force and inertial force due to added mass on the microrobot, respectively. Further, T mag and T add are the magnetic torque and the inertial torque due to added mass acting on the microrobot, respectively. In addition, B sw is the resistance matrix of the microrobot that consists of the resistance matrices of the body (B b ) and the tail (B t ), and is given by
In (10), the resistance matrix of the body is represented using
where D tran and D rot are the diagonal matrices of translational and rotational resistive force coefficients of the body, and S b is a skew-symmetric matrix signifying the cross-products. In (10), B t is given by
where l t is the length of the sperm-shaped microrobot. Further, C and R are the diagonal matrix of the local resistive force coefficients, and the rotation matrix from local Frenet-Serret coordinate frames to the inertial frame of the reference of the microrobot along the elastic tail, respectively. Furthermore, S t is another skew-symmetric matrix signifying the cross-products. The magnetic force (F mag ) and torque (T mag ) acting on the magnetic body are given by
where V is the volume of the magnetic material and M is its magnetization in the frame of the laboratory. Further, B is the magnetic flux density vector. The frame of the electromagnetic system and the frame of the microrobot are related using the rotation matrix (R sw ). The components of the electromagnetic fields generated using our electromagnetic configuration are calculated using [36] B x = 5 4 
In (15), µ 0 , N , and I c are the permeability of the iron core, number of turns of each coil, and the input current on each of the electromagnetic coils, respectively.
Further, F 0 is given by
The magnetic field along y-axis is given by
furthermore, the magnetic field along z-axis is given by
The magnetic field gradient is also be calculated using (15), (17), and (18) to determine the magnetic force (13) exerted on the magnetic dipole of the microrobot. The structural deformation in the frame of the microrobot is calculated based on the Timoshenko-Rayleigh beam model [30, 31] in order to take the vibration effect and large deformations into account for high actuation frequencies and axial shear forces. Finally, the transient hydrodynamic force due to the added-mass is calculated using [18]   
where ρ l is the density of the liquid medium and R is the radius of the body.
In (13), Φ is calculated as Φ = 6R
2 √ πµρ l , where µ is the dynamic viscosity of the liquid environment. The driving currents on the coils are modeled as:
where i A and i C are the current inputs to electromagnetic coils A and C (Fig. 6 ),
respectively. Further, I max and f are the maximum input current and the 
Our model is verified by comparing its results to the experimental frequency response of the microrobot, as shown in Fig. 6 . The swimming speed of the 100 sperm-shaped microrobot increases almost linearly with the frequency of the oscillating fields. This frequency response experiment is achieved using an electromagnetic system with orthogonal configuration and currents (20) and (21) are supplied to the electromagnetic coils.
A helical microrobot is subjected to the following magnetic force (F) and magnetic torque (T) under the influence of external magnetic fields:
where V is the volume of the magnetic material of the helical microrobot. In (22),M is the skew-symmetric form of the magnetization vector M, whereM = SK(M), and SK(·) is the skew-symmetric operator [37] . The helical microrobot navigates in a viscous flow and experiences force (f ) and torque (t) that are
where v and ω are the linear and angular velocity vectors of the helical microrobot, respectively. Further a, b, and c are the coefficient of the propulsion matrix and are given by
where n and R h are the number of turns of the helical flagella and the radius of the helix. Further, θ is the helix angle, and the drag coefficients (ξ ) and (ξ ⊥ ) are given by
where a and b are the major and minor diameter of the elliptical head of the helical microrobot, and η is the dynamic viscosity of the medium. In (25), b is given by
Finally, c is calculated using c = 2πnR
The motion of the helical microrobot is governed by (22) and (23) . 
Synthetic Biologically-Inspired Microrobots
The advancements in nano-technology enable fabrication of biologicallyinspired microrobots at the nano-and micro-scales. We focus on the fabrication of sperm-shaped microrobots and readers are referred to the original papers of
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Bell et al. [2] and Fischer et al. [3] for details on the fabrication of helical microrobots. The sperm-shaped microrobots are fabricated by electrospinning [39, 40] using a solution, i.e., polystyrene and dimethylformamide, that is slowly injected through a needle via a syringe pump x. This solution is mixed with iron oxide nano-particles. An electrical potential is applied using a high voltage power 115 supply } between the needle y and the collector z to introduce free charge at the liquid surface ( Fig. 7(a) ). The free charge generates electric stress that causes the liquid jet to stretch into fine filaments and accelerate away from the needle towards the collector. The liquid meniscus at the needle opening forms a conical shape when the electrical potential is increased to 10 kV. A liquid jet This instability allows the jet to disintegrate into beads. If the jet is very thin and the solvent is evaporated, the Rayleigh instability is suppressed [39] .
The transition from formation of beads, beads with fibers, and pure fibers depends on increasing the initial concentration of the polymer [39] . Beaded 130 fibers ( Fig. 7(b) ) are formed on the collector for solutions with intermediate viscosity. We extract the beaded fibers from the metallic grit collector z. Then, the collected structures are cut and extracted using tweezers under high magnification. One cut is made close to the bead and the second is made based on the desired length of the tail (l t ). This procedure leads to a geometry that 135 resembles the morphology of a sperm cell, as shown in Fig. 7(e) and Fig. 8 . The beads provide the magnetic dipole, whereas the propulsive force is generated by the ultra-thin fiber using a flagellated swim. Motion of the sperm-shaped microrobot is controlled using an electromagnetic system with orthogonal configuration (Fig. 6) . 
Magnetic Control and Applications
In contrast to microrobotic system that are powered and steered using bubble propulsion [41] , electric propulsion [42], ultrasound-propulsion [43] , and selfelectrophoretic propulsion, majority of biologically-inspired microrobots are propelled and steered using external source of magnetic fields. These fields are generated using electromagnetic and magnetic systems with closed-configurations [44] and open-configurations [45] , as shown in Fig. 9 . The function of these configurations of electromagnetic coils is twofold: first, to provide magnetic field lines that directs the microrobot (the easy axis of the microrobot [46] ) towards a reference position; second, to rotate or oscillate these fields to enable propul- (22) and (23), we obtain the following rotational dynamics of the helical microrobot:
The magnetic field (B) is controlled to align the microrobot (let us assume simple rotations) towards a reference position. Therefore, the angular position and velocity errors (e andė) are given by
where Φ and Φ ref are the angular position of the microrobot and the fixed reference orientation that directs the microrobot towards the reference position, The OctoMag configuration is an electromagnetic system that enables motion control of microrobots in three-dimensional (3D) space [37] . (b) The MiniMag configuration also allows for control in 3D space [44] . (c) An electromagnetic system enables 3D control along with automatic focusing [47] . (d) Magnetic system with open-configuration for the control of magnetically-actuated tools [48] . (e) Magnetic system with two rotating dipole fields [49] .
respectively. We rewrite (28) using (29) , and devise a proportional control input (B → K p e) to obtain the following error dynamics:
We select the following storage function S(e):
Taking the time-derivative of (31) yieldṡ
Therefore, the system with the input (−v) and output (e) is passive with the storage function (S(e)). This control strategy enables directional control of the microrobot towards reference position. The oscillation or rotation of these fields allows for propulsion along these field lines as shown in Fig. 10 and Fig. 11 . reference position (small blue circle) and achieve a flagellated swim under the influence of oscillating field of 5 Hz, as shown in Fig. 10 . A helical propulsion is also achieved using the same control strategy in three-dimensional space using a helical microrobot, as shown in Fig. 11 . The helical microrobot follows a The control result shown in this chapter indicate that biologically-inspired microrobots hold promise in medical and diverse nano-technology applications.
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For instance, the helical microrobots can be coated with a chemotherapeutic agent and controlled towards a diseased region to achieve targeted therapy. Helical microrobots have also the potential to be used in clearing of clogged blood vessels or the arterial plaque [50] . Fig. 12 shows a helical microrobot drilling through a blood clot inside a catheter segment under the influence of rotating 160 magnetic fields. In this experiment, the helical microrobot decreases the size of the blood clot with approximately 50% following 36 minutes of drilling using magnetic field of 20 mT and frequency of 6 Hz [51] . Mahoney et al. [52] have experimentally demonstrated the existence of magnetic torques that can its resolution has to be at the micro scale; third, the biocompabitability and physiological conditions of the drug release must be studied and implemented experimentally.
Concluding Remarks
In this chapter, we have studied two propulsion mechanisms of microorgan-
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isms that are used in the design and implementation of microrobotic systems.
We have focused on the modeling, fabrication, and motion control using exter- Figure 12 : Penetration of a blood clot with diameter and width of 3 mm and 5 mm, respectively, is achieved using a helical microrobot [51] . The microrobot swims in the phosphate buffered saline at an average speed of 600 µm/s and contact with the blood clot is observed at time, t=5 seconds. At time, t=436 seconds, the blood clot becomes mobile and both rotation and translation along the catheter segment are observed. In this representative experiment, the size of the blood clot is decreased by 50% following 36 minutes of drilling using the microrobot.
nal magnetic fields. We have provided a proof-of-concept experiment for a rigid reciprocal swimmer (Fig. 4 ) in low Reynolds number regime and demonstrated that propulsion cannot be achieved as this swimmer does not impart momen-185 tum in the medium. We have also shown a fabrication technique (Fig. 7 ) to develop microrobots with a similar morphology to sperm cells. The flexibility of the artificial flagellum of the sperm-shaped microrobot enables wave propagation ( Fig. 5) and breaking of the time-reversal symmetry. The motion of this microrobot is modeled using elastohydrodynamics approach and Timoshenko-
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Rayleigh beam theory, and we find agreement with the frequency response experimental results. This chapter also provides general control strategy to orient the microrobots towards a desired direction. This strategy is tested on a helical microrobot and a sperm-shaped microrobot and enables motion in three-and two-dimensional spaces. We have also showed the helical microrobot can be 195 used to clear blood clots in vitro inside catheter segment and using rotating dipole fields (Fig.12 ).
Biologically-inspired microrobotic systems hold promise in medicine and di- peritoneal cavity of a mouse in vivo [54] . However, a few challenges still remain to achieve a comprehensive intervention in animal experimentation, such as the fabrication of these microrobots using biodegradable materials and the ability to deliver therapeutic agents locally in the presence of fluid flow.
